The purpose of this study was to define specific types of resetting responses to programmed electrical stimulation during human ventricular tachycardia and to use computer simulations of reentry circuits to assess the possible mechanisms and pacing site location relative to the reentry circuit for each type of response. The effects of scanning single stimuli at 35 left ventricular endocardial sites during sustained monomorphic ventricular tachycardia in 12 patients were studied. In considering alterations in QRS configuration and the delay between the stimulus and the advanced QRS, we identified three types of resetting responses to scanning stimuli consistent with stimulation at sites in or near the reentry circuit at 12 abnormal endocardial sites in eight patients. Type 1: all capturing stimuli were followed after a delay by early QRS complexes that had the same configuration as the tachycardia complexes. Type 2: late stimuli reset tachycardia as in type 1 but early stimuli reset the tachycardia after altering the QRS configuration. Type 3: late stimuli reset tachycardia as in type 1, but early stimuli advanced tachycardia with a short stimulus to QRS delay without altering the QRS configuration. In the simulations, premature depolarization of sites in the circuit produced orthodromic and antidromic wavefronts. The orthodromic wavefront propagated through the circuit and exited the circuit at the same site as did the previous tachycardia wavefronts and advanced the tachycardia without altering the configuration of the advanced QRS. The antidromic wavefront of relatively late stimuli was confined within or near the circuit by collision with the orthodromic wavefront of the preceding tachycardia beat and failed to alter ventricular activation distant from the circuit. Therefore, the QRS configuration after the stimulus was unchanged. A type 1 response occurred when all capturing stimuli produced this effect. However, with increasing stimulus prematurity, the antidromic wavefront propagated farther before colliding with an orthodromic wavefront, and under some conditions, it exited the circuit from a site other than the original circuit "exit," and altered the ventricular activation sequence distant from the circuit and, therefore, the QRS configuration, producing a type 2 pattern. The type 3 pattern occurred when the antidromic wavefront of early premature beats captured the original circuit exit. The effect of a stimulus was dependent on the stimulus prematurity, the relative conduction times from the stimulation site to the potential sites of "exit" from the circuit, and the timing of the excitable gap at the stimulation site. In the figure-eight reentry circuit simulations, the type 1 response tended to occur during stimulation within, the type 2 response near the entrance to, and the type 3 response outside but near the exit from the slowly conducting central common pathway. Type 2 responses could also occur with stimulation at a site that was close to but not within the circuit. The recognition of specific responses characteristic of programmed stimulation at reentry circuit sites is feasible in humans and may improve ventricular reentry circuit localization by catheter techniques. However, at some circuit sites, stimulation may alter ventricular activation distant from the circuit and falsely suggest that the site is not within the circuit. The potential variability of electrophysiologic and spatial factors that influence the response to programmed stimulation may limit precise determination of the stimulation site location relative to critical areas in the circuit. (Circulation 1989;80:793-806) 
The purpose of this study was to define specific types of resetting responses to programmed electrical stimulation during human ventricular tachycardia and to use computer simulations of reentry circuits to assess the possible mechanisms and pacing site location relative to the reentry circuit for each type of response. The effects of scanning single stimuli at 35 left ventricular endocardial sites during sustained monomorphic ventricular tachycardia in 12 patients were studied. In considering alterations in QRS configuration and the delay between the stimulus and the advanced QRS, we identified three types of resetting responses to scanning stimuli consistent with stimulation at sites in or near the reentry circuit at 12 abnormal endocardial sites in eight patients. Type 1: all capturing stimuli were followed after a delay by early QRS complexes that had the same configuration as the tachycardia complexes. Type 2: late stimuli reset tachycardia as in type 1 but early stimuli reset the tachycardia after altering the QRS configuration. Type 3: late stimuli reset tachycardia as in type 1, but early stimuli advanced tachycardia with a short stimulus to QRS delay without altering the QRS configuration. In the simulations, premature depolarization of sites in the circuit produced orthodromic and antidromic wavefronts. The orthodromic wavefront propagated through the circuit and exited the circuit at the same site as did the previous tachycardia wavefronts and advanced the tachycardia without altering the configuration of the advanced QRS. The antidromic wavefront of relatively late stimuli was confined within or near the circuit by collision with the orthodromic wavefront of the preceding tachycardia beat and failed to alter ventricular activation distant from the circuit. Therefore, the QRS configuration after the stimulus was unchanged. A type 1 response occurred when all capturing stimuli produced this effect. However, with increasing stimulus prematurity, the antidromic wavefront propagated farther before colliding with an orthodromic wavefront, and under some conditions, it exited the circuit from a site other than the original circuit "exit," and altered the ventricular activation sequence distant from the circuit and, therefore, the QRS configuration, producing a type 2 pattern. The type 3 pattern occurred when the antidromic wavefront of early premature beats captured the original circuit exit. The effect of a stimulus was dependent on the stimulus prematurity, the relative conduction times from the stimulation site to the potential sites of "exit" from the circuit, and the timing of the excitable gap at the stimulation site. In the figure-eight reentry circuit simulations, the type 1 response tended to occur during stimulation within, the type 2 response near the entrance to, and the type 3 response outside but near the exit from the slowly conducting central common pathway. Type 2 responses could also occur with stimulation at a site that was close to but not within the circuit. The recognition of specific responses characteristic of programmed stimulation at reentry circuit sites is feasible in humans and may improve ventricular reentry circuit localization by catheter techniques. However, at some circuit sites, stimulation may alter ventricular activation distant from the circuit and falsely suggest that the site is not within the circuit. The potential variability of electrophysiologic and spatial factors that influence the response to programmed stimulation may limit precise determination of the stimulation site location relative to critical areas in the circuit. ( [1] [2] [3] [4] We hypothesized that electrical stimulation during ventricular tachycardia would produce specific patterns of response while resetting the tachycardia, depending on the location of the stimulation site relative to the reentry circuit, the stimulus timing, and the electrophysiologic characteristics of the circuit. The purpose of this study was (Table 2) .
Computer Simulations
Computer simulations of a simple, protected reentry circuit and a figure-eight type of reentry circuit6 were performed. In the simple circuit ( Figure 1 , Panel A), reentry occurs around a central area of block. The circuit is relatively protected from the surrounding myocardium by two arcs of conduction block that allow excitation wavefronts to enter and exit the circuit from two possible areas (at sites 1 and 4) as has been suggested by Josephson and coworkers.7'8 In the figure-eight circuit ( Figure 1 , Panel B), two wavefronts of excitation circulate around two arcs of conduction block sharing a common central path of slow conduction.6 For the purposes of these studies, the position of the reentry circuit and the areas of conduction block that define the reentrant paths are fixed. The length of the circuit is determined by specifying the diameter of each circular path. Conduction through the scar in which the circuit is contained is assumed to produce lowamplitude electrical activity that is not detectable from the surface electrocardiogram.5'9-11 The QRS complex then occurs when the excitation wavefront emerges from the circuit at site 1 or site 4 and propagates out to the more normal myocardium. The mean conduction velocities and absolute refractory periods that exist during stable tachycardia are specified for segments in the circuit. During stable tachycardia, the conduction velocity through normal tissue was 1 m/sec.10 In the slowest segment of the circuit (typically from site 5 to site 1 in the figure-eight model), basal conduction velocities ranging from 0.05 to 0.4 m/sec were specified. In faster areas in the scar, conduction velocities of up to 0.8 m/sec were used. Changes from basal conduction velocities and refractory periods are modeled as exponential functions of the diastolic interval (see Appendix).
Orthodromic wavefront propagation in both circuit types is illustrated in Figure 1 . Sites 8-13 are located in normal tissue distant from the circuit (not shown). Site 14 is located adjacent to the Figures 1 and 2 ) and site 14 outside the circuit is evaluated. The activation times, direction of activation (orthodromic, antidromic, or from a stimulus), and recovery times are determined. A sample of the data generated is shown in Table 3 . Computer-generated data used to produce Figure 5 tracing in Panel A are shown. Activation time at sites 1-6 and 14 are shown. Calculations start at time 0, which is activation of site 1 at the exit from the common path of slow conduction in the figure-eight circuit. Beneath each activation time, the direction from which the wavefront arrived to activate the site is coded as 1 is orthodromic, 2 is antidromic, 3 is direct activation by a stimulus at that site, and 5 is activation of site 4 by the wavefront from site 14. The third column from the left shows the expected activation time at the "exit" from the circuit if there is no change from the basal conditions, that is, if the tachycardia circuit is not perturbed by a stimulus. The last column on the right (fusion) shows the calculated antidromic activation of the arc from site 14 to site 1 outside the scar. In this circuit, the orthodromic wavefront from site 1 to 14 arrives at site 4 before the orthodromic wavefront from site 3 (at site 4, direction=5). During the second cycle a stimulus at time 0.508 second captures site 5 (direction=3). The following activation of site 1 is advanced, occurring at 0.803 second rather than the expected time of 0.808 second. Because of decremental conduction properties in this circuit and shortening of refractoriness in some areas after the premature stimulus, conduction time through the slow area of the circuit shortened during cycle 2, and the fourth QRS is also early at 1.183 second. There is no alteration of the ventricular activation sequence distant from the circuit (fusion=0). See text for discussion.
When a wavefront exited the scar from site 14 and propagated to myocardium outside the scar, the sequence of ventricular activation distant from the circuit was altered, and therefore, by definition, the surface electrocardiogram "QRS" configuration was altered. As an index of the alteration in distant ventricular activation due to fusion of antidromic and orthodromic wavefronts, the fraction of the path from site 1 to site 14 that was activated antidromically (by a wavefront propagating from site 14 toward site 1) was calculated (Table 3) .
Circuit sizes and conduction velocities were specified to produce ventricular tachycardias with cycle lengths ranging from 280 to 520 msec, and a range of circuits was evaluated. At sites 1-6 and 14, programmed electrical stimulation with scanning premature stimuli was simulated. The cardiac cycle was scanned with a single stimulus that depolarized the site when the site had recovered from its prior depolarization. Stimuli scanned 1 cardiac cycle in 10-20-msec decrements. After each stimulus, the tachycardia was returned to the basal state by restarting the simulation.
Results

Observations in Patients
During ventricular tachycardia, four types of response patterns to scanning single stimuli were identified. These could be distinguished from analysis of the surface electrocardiogram QRS configuration and timing of the beats after the stimuli. Type 1. Resetting without QRS alteration. In the type 1 response, all capturing stimuli that reset the tachycardia have the same effect. The tachycardia is reset with little or no detectable alteration of the QRS configuration of the beats after the stimulus and with a delay between the stimulus and the advanced tachycardia beat. An example of this pattern of response in a patient is shown in Figure 2 . Sustained monomorphic ventricular tachycardia with a cycle length of 440 msec is present. In Panel A, a stimulus at left ventricular site 1-2, 30 msec after the onset of the left ventricular electrogram, does not change the tachycardia QRS configuration. However, the subsequent beat is advanced after a substantial delay of 360 msec between the stimulus and the advanced beat. With increasingly premature stimuli ( Figure 2 , Panel B), the response is similar. The tachycardia is reset without alteration of the QRS configuration. This response was observed during stimulation at four sites in four patients (Table 2) .
Type 2. Resetting with variable QRS alteration. In the type 2 response, late stimuli advance the tachycardia as in the type 1 response without altering the QRS configuration. However, earlier stimuli are followed by a change in the QRS configuration and a shorter interval between the stimulus and the altered QRS. The subsequent QRS is advanced without a change in QRS configuration. An example of this pattern of response in a patient is shown in Figure 3 . This pattern of response was observed during stimulation at seven sites in five patients (Table 2) .
Type 3. The stimulus to QRS delay decreases with early stimuli. In the type 3 response, late stimuli reset the tachycardia as in response type 1, with a relatively long delay between the stimulus and the advanced beat and no change in the QRS configuration. However, sufficiently early stimuli advance the tachycardia after a markedly shorter delay between the stimulus and advanced beat. The advanced beat still has a QRS configuration similar to that of the tachycardia beats. This is an espe- cially striking occurrence because the delay between the stimulus and advanced QRS complex usually increases with increasing stimulus prematurity. This pattern of response was observed and reproduced in one patient and is shown in Figure 4 .
Resetting with QRS alteration after all capturing stimuli. Resetting with QRS alteration after all capturing stimuli is a familiar pattern of resetting observed during pacing at the right ventricular apex, distant from the presumed tachycardia circuit.1,7,12-18 All capturing stimuli are followed by a paced QRS complex, the configuration of which is different from that of the tachycardia and which may reflect some degree of fusion between the paced QRS and the tachycardia QRS, depending on stimulus prematurity. This pattern of resetting was observed at 13 sites in six patients (Table 2 ) and has been extensively discussed elsewhere.7,12-18 Computer Simulations
In reentry circuit simulations, the effect of a stimulus on the tachycardia depended on the stim- ulus prematurity, the location of the stimulus site, and the characteristics of the reentry circuit. Scanning reentry circuit sites with single stimuli was able to reproduce the types 1, 2, and 3 responses observed in the patient studies. Similar results were obtained with both the figure-eight and the simple, protected reentry circuits and are illustrated using the figureeight circuit in the following examples.
Resetting without QRS alteration (type 1 response). In the computer simulations, tachycardia resetting without alteration of the QRS configuration after the stimulus occurred when the stimulated wavefronts exited from the circuit only from the same exit site as the tachycardia beats. That is, the antidromic wavefronts were confined in or near the circuit. This is illustrated in Figure 5 during stimulation at site 5, within the common central path of slow conduction in the figure-eight circuit. A portion of the computer-generated data from which Figure 5 was constructed is shown in mic directions. In the antidromic direction, the wavefront encounters the returning wavefront from the preceding tachycardia beat. These two wavefronts collide and are extinguished near the "entrance" to the common path of slow conduction at site 4 (thin solid lines). Therefore, the antidromic wavefront does not propagate out beyond the circuit (the path from site 1 to site 14 is activated entirely orthodromically), and there is no change in the tachycardia QRS produced by the antidromic wavefront. The orthodromic wavefront produced by the stimulus propagates from site 5 to site 6 and site 1 and then into the myocardium beyond the scar, producing the next QRS. This orthodromic wavefront also propagates around the arcs of conduction block and reenters the area of slow conduction. If the area of collision of the prior orthodromic and antidromic wavefronts has recovered, the orthodromic wavefront "reenters" this area continuing the tachycardia. Thus, the orthodromic wavefront advances and resets the tachycardia. The point of exit of the orthodromic wavefront from the area of slow conduction at site 1 is the same as that of the regular tachycardia wavefronts, and hence, the QRS configuration of the advanced beat is similar to that of the other tachycardia beats. There is, however, a delay between the stimulus and the advanced QRS because of slow conduction between the stimulus site (site 5) and site 1. effect of the antidromic wavefront on activation of the myocardium distant from the circuit. Therefore, there is no change in the configuration of the surface electrocardiogram after the stimulus other than the premature occurrence of the reset tachycardia beat. When all capturing stimuli produce this effect, the result in the surface electrocardiogram is identical to the type 1 response identified in our patient studies during endocardial mapping (Figure 2 However, compared with the circuit in Figure 5 , the conduction time from site 5 to site 4 in this circuit is shorter relative to the conduction time from site 5 to site 1. This allows the antidromic wavefronts from earlier stimuli to propagate farther to site 14 and then out from the scar before colliding with an orthodromic wavefront. The antidromic wavefront alters the sequence of ventricular activation distant from the circuit and the QRS configuration after the stimulus is thereby altered as a result of fusion between orthodromic and antidromic wavefronts in myocardium distant from the circuit. The stimulated orthodromic wavefront again exits from site 1 after a delay and advances the tachycardia without altering the QRS configuration of this advanced beat compared with that of the previous tachycardia beats. If the antidromic wavefront exits the circuit shortly after the preceding orthodromic wavefront exits from site 1, the altered QRS will appear to be on time. If the antidromic wavefront exits the circuit before the orthodromic wavefront, the altered QRS will be premature. Thus, stimulation at reentry circuit sites from which the antidromic wavefront could propagate beyond the circuit from site 4 produces a type 2 response (Figure 3 ). This wavefront captures the exit from the circuit (site 1). This is illustrated in Figure 7 . Stimulation is performed at site 2 in the figure-eight circuit. As in responses types 1 and 2, the excitation wavefronts from late stimuli at site 2 propagate in orthodromic and antidromic directions in the circuit. In the antidromic direction, the wavefront collides with an orthodromic wavefront and is extinguished between sites 1 and 2. In the orthodromic direction, the wavefront propagates through the circuit to sites 3, 4, 5, 6, and 1 and advances the tachycardia. As the orthodromic wavefront reaches site 4, it propagates toward site 14 and toward site 5. However, the wavefront propagating from site 4 to site 14 encounters the returning orthodromic wavefront and is extinguished in or near the circuit preventing antidromic activation from extending outside the circuit. With progressively earlier stimuli, the antidromic wavefront propagates farther toward site 1 until site 1 is depolarized by the antidromic wavefront. When this occurs, there is a decrease in the interval between the stimulus and the first advanced QRS because of the short antidromic conduction time from site 2 to site 1. The advanced QRS configuration is not altered because the ventricle is still activated from site 1. Antidromic capture of site 1 was frequently followed by tachycardia termination because the antidromic wavefront propagating from site 1 toward site 6 collided with the orthodromic wavefront propagating from site 5 toward site 6, and the stimulated orthodromic wavefront often encountered refractory tissue on reaching the area of collision between site 1 and site 6.
Antidromic capture of the circuit "exit" (site 1) tended to occur when the antidromic conduction time from the stimulation site to site 1 was relatively short compared with the orthodromic conduction time from the stimulus site to site 1. Although no alteration of QRS configuration was observed in the patient described (Figure 4 ), in some computer simulations, the stimulated orthodromic wavefront depolarized site 4 sufficiently early to allow propagation of this wavefront from site 4 to site 14 and out to the more normal myocardium, altering ventricular activation distant from the scar.
Resetting only after QRS alteration. Depolarization of large portions of the ventricle by a stimulated wavefront that alters the sequence of ventricular activation and therefore the QRS configuration immediately after the stimulus occurs commonly during stimulation at sites distant from the reentry circuit.7 12-18 However, in some reentry circuit simulations, this was observed when stimulation was performed at a site located in the circuit. In such cases, the stimulation site was at the "entrance" to the circuit (e.g., near site 4 in Figure 1) , and the conduction time from the stimulation site to the adjacent myocardium beyond the scar was short. All capturing stimuli then produced the same effect as did early stimuli in the type 2 response (Figure 6 Figure 5 , the conduction velocities and timing of excitable gaps differfrom those in the Figure 5 circuit. Consequently, the response to programmed stimulation at the same site is different in the two simulations. site 14 and beyond the scar 3 and altered the sequence of ventricular activation distant from the circuit. The QRS complex immediately after the stimulus is altered because of fusion of orthodromic and antidromic wavefronts in myocardium distant from the circuit. The following QRS is advanced and has the same configuration as the other tachycardia beats. Thus, as in the type 2 response, alteration of the QRS after a stimulus may not always indicate that the stimulation site is distant from the tachycardia circuit.
Influence of the electrophysiologic characteristics of the circuit. As illustrated in the examples above, the effect of a stimulus at a site in the circuit depends not only on the stimulus timing but also on the orthodromic and antidromic conduction times between the stimulus site and the areas of exit from the circuit. These conduction times are determined by the distance between the stimulation site and the circuit exits and by the conduction velocity through the intervening tissue. In the simulated figure- between the stimulus site and the subsequent QRS onset may greatly exceed the tachycardia cycle length producing either no apparent change in the tachycardia or an increase in the tachycardia cycle length for one beat. This is illustrated from simulation data in Figure 8 . Simulations were performed with the same tachycardia circuit as in Figure 5 . However, in Figure 5 , the function relating conduction velocity and the diastolic interval had a relatively flat slope for the slow common pathway from site 5 to site 1 (curve 1 in Figure 8 , Panel A). The bottom panel of Figure 4 shows the results of an increase in the slope of conduction velocity plotted against diastolic interval (curve 2 in Figure 8 , Panel A). Evidence of decremental conduction properties between the stimulus site and the "exit" from the circuit was observed in three of the four patients during type 1 responses. The duration of the "excitable gap," during which a stimulus is able to depolarize the myocardium, also determines the type of response observed. The timing of excitable gaps at sites 1-6 in a figure-eight circuit is shown in Figure 9 . The timing of the excitable gap is determined by the refractory period and the time of arrival of the tachycardia wavefront at that site in the circuit. During stimulation in the circuit, the distance that the antidromic wavefront propagates A QRS-S -: Time (ms) FIGURE 9 . Graph ofthe duration of the "excitablegap" during which a site is recovered sufficiently to be depolarized (x axis) plotted against the conduction time in the orthodromic direction between the site and site 1. Data are derived from the figure-eight reentry circuit shown in Figure 5 . When the stimulation site is located within the circuit, the relative conduction times from the stimulus site to the "entrance" to and "exit" from the circuit determine the pattern of response to scanning stimuli. These conduction times are determined by the distance and conduction velocity. Conduction times are unlikely to directly reflect distance because of heterogeneous conduction velocity in the circuit.10 The situation is further complicated by potential changes in conduction velocity that may occur as stimuli vary in prematurity. With marked conduction slowing in response to stimulus prematurity, delays between the stimulus and exit of the orthodromic wavefront from the circuit may be sufficient to produce very little change in the tachycardia cycle length and prevent detection of an effect of the stimulus on the circuit (Figure 8 ations, it follows that when the pacing site is in the circuit, analysis of stimulus to QRS intervals may provide only an estimate of the pacing site location relative to areas of slow conduction in and exit sites from the circuit. In the figure-eight type of circuit, El-Sherif et a122 have shown that ablation of a site in the slow common pathway is required for tachycardia termination. In our simulations, stimulation in the slow common pathway most frequently produces a type 1 response. However, further studies are required to determine the relation of the response type to the likelihood of successful catheter ablation.
Limitations
We considered only two reentry circuit configurations: the figure-eight type of circuit that has been well characterized in animal models6, [21] [22] [23] [24] 25 However, the existence of such areas in human myocardial scars is speculative at present. We also assumed that the figure-eight reentry circuit was located in the border of a myocardial scar with one loop of the circuit (the loop from sites 1-3 in Figure 1 ) relatively protected from the surrounding myocardium by the arcs of block and the common central pathway of slow conduction. We did not study other geometric placements of the figure-eight circuit relative to the scar that may alter the response patterns at a given site, especially during stimulation in the relatively protected loop.
We assumed that antidromic propagation of a wavefront from site 4 to site 14 and then beyond the scar would alter the ventricular activation sequence sufficiently to alter the QRS configuration. However, if the tachycardia circuit is very small or if the sites of exit from the circuit are very close, such an event may produce little detectable change in the QRS configuration. Thus in small circuits, the type 1 response may theoretically be observed in the surface electrocardiogram even though the stimulated antidromic wavefront propagates beyond the circuit. Intraoperative mapping studies suggest that both relatively large and small reentrant circuits occur in humans. 10 11 In our simulations the arcs of conduction block that determine the path of reentry are anatomically fixed. This is an oversimplification because conduction block is often functional and because in some cases apparent block may be due to collision of opposing wavefronts rather than true failure of conduction.23 However, shifts in the arcs of block that determine the reentry path are likely to alter the tachycardia cycle length and QRS configuration. Restricting the model to one in which the reentrant path remains fixed is consistent with human studies in which pacing during ventricular tachycardia entrains or resets the tachycardia without disturbing the tachycardia cycle length and QRS configuration after pacing termination.7,12-18 Our observations in patients were consistent with this model, although we cannot exclude the possibility that small alterations in the reentrant path occurred during pacing and could have contributed to the long delays between stimuli and advanced tachycardia beats or alterations in QRS configuration after a stimulus.
Although infarct scars that give rise to reentry circuits are physiologically heterogeneous,10 our model divides the reentry circuit into electrophysiologically homogeneous segments. Thus, the characteristics specified for each segment represent the "means" for a complex heterogeneous system. This was done for simplicity because data on intercellular conduction in human myocardial scars are limited, but empiric information is available to allow approximations of conduction characteristics over larger distances.10 Similarly, data on refractoriness in human myocardial scar is limited, especially at heart rates comparable to those occurring during ventricular tachycardia.10,26 Therefore, we studied a range of parameters for these characteristics. As supported by studies in animal models and in humans, we also assumed that depolarization of the slow pathways in the simulated circuits generated low-amplitude electrical signals that would not be detected on the standard surface electrocardiogram.,9,, 10, 23, [27] [28] [29] In our patient studies, a limited number of surface electrocardiogram leads were recorded, and we cannot exclude the possibility that subtle changes in QRS configuration would have been detected had we recorded a greater number of electrocardiographic leads. During bipolar pacing, as was used during our patient studies, the precise site of stimulation can change because of varying contributions of the cathode and anode to ventricular excitation. 30 This could theoretically produce small changes in activation sequence and was not considered in the computer simulations. For a small reentry circuit, simultaneous activation of sites inside and outside the circuit could theoretically produce alterations of the QRS configuration and a type 2 response.
Conclusions
During ventricular tachycardia in humans, scanning the cardiac cycle with electrical stimuli can produce complex patterns of resetting and QRS fusion consistent with stimulation at sites in or near the tachycardia circuit. Resetting the tachycardia by stimuli over a range of coupling intervals that do not alter the sequence of ventricular activation distant from the circuit suggests that the stimulation site is located within the circuit. However, alteration of the QRS configuration by a stimulus does not always indicate that the stimulation site is outside the circuit. Analysis of responses to premature stimuli may aid in further defining the characteristics of reentry in humans and in localizing critical sites in the circuit for catheter ablation and warrants further investigation.
Appendix, Modeling Responses to
Cycle Length Changes Refractory Periods Refractory periods are modeled as an exponential function of the diastolic interval after the formula for action potential duration derived by Elharrar et al. 31, 32 The diastolic interval was defined as the difference between the activation time and the end of the refractory period after the previous activation:
RP=RPmax (1) where RP is the refractory period, DI is the diastolic interval, Al, A2, T1, and T2 are constants 0.38, 0.12, 0.097, and 1.46, respectively.31'32 The tachycardia cycle length is determined by the conduction velocities and length of the reentry circuit. The basal refractory periods that exist during the stable tachycardia are specified for each site and Equation 1 is solved for RPmax. Subsequent refractory periods at each site are calculated from Equation 1 .
Conduction Velocity
Mathematical descriptions of conduction through infarct scars in humans are not available. However, conduction slowing through the AV node in response to premature stimuli can be modeled as an exponential function of the form33'34: Conduction time =A * EXP(-n . DI) + C. Therefore, we modeled changes in conduction velocity as a monoexponential function of the diastolic interval: CV=CVnormal* [1-EXP(-N1 . (DI F1+F2))] (2) CVnormal is the normal conduction velocity (1 m/ sec in these simulations), DI is the diastolic interval, and N1, Fl, and F2 are constants. Fl is a specified constant between 0 and 1 that is used to set the mean slope of the function. F2 is the basal diastolic interval multiplied by , and therefore, the term (DI Fl+F2) is equal to the diastolic interval in the basal state. Conduction velocities and refractory periods are specified for the stable tachycardia, and Equation 2 is then solved for Ni.
Conduction velocities for subsequent diastolic intervals are determined from Equation 2.
